Introduction
Mitochondria are essential multipurpose organelles of intermediate and energy metabolism. In particular, the function of or-gans with high energy demands such as brain depends on flawless mitochondrial operation for their optimal performance. Mitochondrial defects have been reported as a cause for many neurodegenerative diseases (Johri and Beal, 2012) such as Alzheimer's disease (Moreira et al., 2010) , Parkinson's disease (Winklhofer and Haass, 2010) , Huntington's disease (Quintanilla and Johnson, 2009 ), Friedreich ataxia (Delatycki et al., 2000) , and other spinocerebellar ataxias (Zeviani et al., 2012) .
As a reflection of the prokaryotic ancestry of the endosymbiotic organelle, mitochondria harbor a fatty acid synthesis (mtFAS) pathway that closely follows the prokaryotic model, where each step in the process is performed by separate polypeptides. The enzymes in mammals involved with this pathway have been identified Monteuuis et al., 2017) . Octanoic acid is a confirmed product of mtFAS and required as a precursor for endogenous synthesis of lipoic acid (LA). In Saccharomyces cerevisiae, the inactivation of any of the enzymes of mtFAS leads to respiratory defects, lack of cytochromes due to disturbed mitochondrial translation and respiratory complex assembly, rudimentary mitochondria and loss of protein lipoylation (Kastaniotis et al., 2004; Kursu et al., 2013) . Evidence generated in yeast and mammalian models indicates that, in addition to providing the LA precursor, mtFAS products play important roles in mitochondrial biogenesis, affecting heme biosynthesis, regulating respiratory chain assembly (Kursu et al., 2013 , Zhu et al., 2015 , Van Vranken et al., 2018 , and participating in iron-sulfur (Fe-S) cluster biosynthesis (Van Vranken et al., 2016 , Cory et al., 2017 . Two acylated acyl carrier proteins (ACPs) of mtFAS, SDAP-␣ and SDAP-␤, serve as structural components in the mammalian complex I (Carroll et al., 2003; Zhu et al., 2015) . Acyl-ACPs have also been reported to be required for the maturation of succinate dehydrogenase (Angerer, 2015) .
Mitochondrial enoyl-CoA/ACP reductase (MECR) catalyzes the NADPH-dependent reduction of enoyl ACP to saturated acyl-ACP (Miinalainen et al., 2003) . This is the last enzyme of mtFAS pathway and essential for embryonic development in mouse (Nair et al., 2017) . Mutations in the MECR orthologs in human were recently reported to result in a neurodegenerative disease termed MEPAN (mitochondrial enoyl reductase protein associated neurodegeneration), which is characterized by symptoms like hypotonia, dysarthria and visual impairment in patients (Heimer et al., 2016) . However, the physiological roles of this pathway in mammals have only been partially characterized Smith et al., 2012; Nair et al., 2017) and many open questions remain (for review, see . Based on our observation that MECR is highly expressed in mouse Purkinje cells (PCs), we set out to elucidate the cellular functions of mtFAS in neurons using a PC-specific Mecr knockout (KO) mouse. This is the first report on the physiological role mtFAS in the nervous system of a mammalian model.
Materials and Methods

Animals
The homozygous floxed Mecr (Mecr tm1c ) mice were generated from B6Dnk; B6Brd; B6N-Tyr c-Brd Mecr tm1a(EUCOMM)Wtsi (EM: 04825) lines as described previously (Nair et al., 2017) . To specifically knock out Mecr from cerebellar PC, the homozygous Mecr tm1c mice were bred with B6. Cg-Tg (Pcp2-Cre) 3555Jdhu/J-transgenic mice expressing Cre recombinase under control of the PC-specific Pcp2 promoter . The pups born were genotyped by two different PCRs to verify presence of Cre transgene and the loxP flanked Mecr in the pups. For the first PCR, which confirms loxP in the construct, the forward primer was 5Ј-CAGGGCTGACCCAGAGTTTC-3Ј and the reverse primer 5Ј-CAGA TGGATTGATAGGGGCTG-3Ј is used. The amplicon size is 800 bp for the floxed allele and 650 bp for WT allele. The second PCR is to confirm presence of the gene encoding Cre recombinase and it required 5Ј-CGAGTGATGAGGTTCGCAAC-3Ј as forward primer and 5Ј-TGAG TGAACGAACCTGGTCG-3Ј as reverse primer. The reaction results in a 400 bp product if the Cre transgene is present.
The mice were maintained group housed in standard cages at 55% humidity, 22°C temperature, and under a 12 h/12 h dark/light cycle (lights on 7:00 A.M. to 7:00 P.M.). Food and water were provided ad libitum according to European Union directive 2010/63/EU for animal wellbeing. The experimental protocols were approved by Animal Experiment Board of Finland (license number ESAVI/7696/04.10. 03/2012 and ESAVI-4553-04.10.07-2016) .
Behavioral analysis
Two animal groups, 12 male and 12 female mice (six KO and six control mice of each sex) were included in a behavioral follow-up with the main focus of observing motor changes as the condition progresses. The mice were tested four times at the ages of 2, 4, 7, and 9 months. After handling, weighing, and habituation to the test equipment, the mice underwent the following tests.
Spontaneous explorative activity. Spontaneous exploratory activity was analyzed in an observation cage (26 ϫ 26 ϫ 39 cm) with white opaque walls using an infrared photo detection method coupled with an automated activity monitor (TruScan, Coulbourn Instruments). The system was designed to enable separate monitoring of horizontal (X/Y move time) and vertical activity (rearing). The test session took 10 min. To avoid odor traces, the test cage was cleaned with 70% ethanol before exposure of a new mouse to the environment.
Rotarod. The rotarod apparatus (Ugo Basile) was used to test motor coordination and balance. The mouse was placed on a round rod (2 cm in diameter), the rotation of which gradually increased from 2 to 40 rpm. The latency to fall off (or turn 2 full rounds around with the rod) was recorded up to a 6 min cutoff time. At the first age point, the mice were adapted to the test on a separate day by first allowing them to stay on the rod for 2 min at the minimum speed of rotation.
Gait analysis. Changes in gait were measured by the CatWalk XT (Noldus), an automated gait analysis system. Mice were allowed to run freely through a 130-cm-long alley with a glass plate floor. A high-speed camera recorded the paw contacts from below and the program analyzed numerous static and dynamic parameters assessing individual paw functioning and gait patterns. We recorded three to five uninterrupted runs through the alley and selected the following parameters for analysis: stride length, swing speed, and base of support. These parameters were initially calculated for each run and for each paw, averaged over the runs, and finally the values for front and hindpaws were averaged.
PET imaging
A separate group of four KO and three control male mice were used in [ 18 F]fluoro-2-deoxy-2-D-glucose (FDG) PET study to assess potential systemic changes in basal metabolic rate (measuring glucose uptake). The mice were 6 months of age at the time of imaging and weighed 32 Ϯ 4 g. The animals were imaged using a dedicated PET scanner (Inveon DPET, Siemens Healthcare), followed immediately by CT analysis (Flex SPECT/CT, Northridge Trimodality Imaging) for anatomical reference images using the same animal holder. The mice were placed on a heated animal holder on the scanner bed in a prone position and secured with adhesive tape to prevent movement during scanning. Dynamic imaging of 110 min was started at the time of the administration of (10.5 Ϯ 0.4) MBq of FDG that was administered through the tail vein. Data were gathered in list mode form and corrected for dead time, randoms, scatter, and attenuation. Regions of interest were drawn for whole brain (excluding cerebellum), cerebellum, brown fat in the neck and upper back, and heart using Carimas version 2.9 software (Turku PET Centre). The timeactivity curves were normalized to percentage of injected dose per cubic cm (%ID/cc) and the time window from 40 to 110 min after injection was chosen for further analysis.
Histology, immunohistochemistry (IHC), and immunofluorescence (IF) studies
Mice were dissected at 3 (four KO and six control mice), 6 (18 KO and 13 control), 9 (11 KO and five control), and 11 (five KO and four control mice) months of age after euthanasia by exposure to CO 2 . Brain, muscle, spinal cord, and liver samples were collected, fixed in 4% paraformalde-hyde in sodium phosphate buffer (100 mM, pH 7.4), and embedded in paraffin. For hematoxylin staining, IHC and IF studies, we used 5 m sagittal sections of cerebellum from all the mice of different ages, lumbar spinal cord (6 KO and 6 controls, 9 months old), and coronal sections of the forebrain (4 KO and 4 controls at 9 months old and 4 KO and 3 controls at 11 months). For Luxol fast blue staining, 8-m-thick sections of cerebellar samples (2 KO and 2 control mice) from 11month-old mice were used. The number and age of mice from which cerebellar samples were collected for IHC and IF are shown in Table 1 . For IHC, cerebellar sections were incubated with anti-MECR antibody (1:250, Proteintech Group catalog #51027-2-AP, RRID:AB_615013), anti-8-isoprostane (1:1000, Oxford Biomedical Research catalog #IS20, RRID:AB_10819214), and anti-nitrotyrosine (1:250, Abcam catalog #ab7048, RRID:AB_305725) overnight at 4°C. Other antibodies were incubated for 1 h at room temperature and dilutions used were as follows; anti-calbindin (1:500, GenScript catalog #A01268, RRID:AB_1582512) anti-GFAP (1:250, Novus catalog #NBP1-40424, RRID:AB_10004914) anti-Iba1 (1:1000, Wako catalog #019-19741, RRID:AB_839504), polyclonal antisingle stranded binding protein 1 (SSBP1) (1:500, Sigma-Aldrich catalog #HPA002866, RRID:AB_1080092), anti-Cox1 (1:200, Abcam catalog #ab14705, RRID:AB_2084810), cleaved caspase-3 (1: 250 (R&D Systems catalog #MAB835, RRID:AB_2243951), and anti-LA (Millipore catalog #437695-100UL, RRID:AB_10683357). Rabbit specific HRP/DAB (ABC) detection kit (Abcam) was used for detection of primary antibodies and the sections were counterstained with hematoxylin.
For IF, cerebellar sections were incubated with anti-MECR antibody (1: 250, Proteintech Group catalog #51027-2-AP, RRID:AB_615013), anticalbindin (1:500, Abcam catalog #ab82812, RRID:AB_1658451), and anti-LA (1:250, Millipore catalog #437695-100UL, RRID:AB_10683357) overnight at 4°C. The secondary anti-rabbit antibodies used were conjugated with Alexa Fluor 488 (1:200, Jackson ImmunoResearch Laboratories catalog #711-545-152, RRID:AB_2313584) or Cy3 (1:400, Jackson ImmunoResearch Laboratories catalog #711-165-152, RRID:AB_2307443 Jackson Im-munoResearch Laboratories catalog #711-165-152), and anti-mouse secondary antibody was conjugated with Cy3 (1:200, Jackson Immu-noResearch Laboratory catalog #715-165-151). The sections were counterstained with Hoechst 33342 (BioNordika).
The stained sections were analyzed and images captured with an Olympus BX 51 microscope equipped with Cell^M imaging software (Olympus) using 4ϫ or 10ϫ objectives. The amount of calbindin positive PC was counted from IHC samples manually from the cerebellar cortex between an outer molecular layer and an innermost granular layer and length of this PC layer was determined. The density (PC/mm) was then determined by dividing the number of cells by the length of the layer. IbaI-positive cells were manually counted from a field (0.04 mm 2 ) taken from cerebellar cortex and deep cerebellar nuclei and the density (cells/mm 2 ) was then determined by dividing the number of cells by the area of the field of view. The intensity of MECR and LA staining in PCs in 6-month-old mouse was evaluated from IF samples by two individuals with no prior knowledge of the project and graded into three categories: high, medium, and low. Four control and three KO samples evaluated and the results were calculated as percentage of total PC count.
Electron microscopy
For transmission electron microscopy, cerebellar samples from 6-monthold mice (8 KO and 6 control mice) were fixed in 1% glutaraldehyde 4% formaldehyde mixture in 100 mM phosphate buffer, pH 7.4. They were postfixed in 1% osmium tetroxide, dehydrated in acetone and embedded in Epon LX 112 (Ladd Research Industries). Thin sections (70 nm) were cut with a Leica Ultracut UCT ultramicrotome, stained in uranyl acetate (UA) and lead citrate, and then examined in Tecnai G2 Spirit 120 kV transmission electron microscope (FEI Europe). A total of 37 PCs from KO mice and 14 PCs from control mice were analyzed in detail and images were captured with a Quemesa CCD camera operated with iTEM software (Olympus).
For immunoelectron microscopy, cerebellar samples from 6-monthold control (n ϭ 5) and KO mice (n ϭ 6) were fixed in 4% paraformaldehyde in 100 mM phosphate buffer, pH 7.4, with 2.5% sucrose for 2 h and processed as reported previously (Slot and Geuze, 1985) . Tissue pieces were immersed in 2.3 M sucrose in PBS and rotated at 4°C for 4 h. Specimens were frozen in liquid nitrogen and thin cryosections were cut with an EM UC7 cryo ultramicrotome (Leica Microsystems). The sections were picked on Butvar-coated nickel grids. The grids were first incubated in 2% gelatin in PBS for 20 min and then in 0.1% glycine-PBS for 10 min followed by incubation in a blocking serum containing 1% BSA in PBS for 5 min. 1% BSA in PBS was used in washes and dilutions of antibody and gold conjugates. Sections were exposed to the primary antibody, polyclonal SSBP1 (1:100, Sigma Aldrich, catalog #HPA002866) for 45 min followed by incubation with protein A gold (10 nm) for 30 min (Slot and Geuze, 1985) . The controls were prepared by replacing the primary antibody solution with PBS. The grids were stained with neutral UA and embedded in 2% methyl cellulose containing 0.4% UA and examined with a Tecnai Spirit transmission electron microscope (FEI). Images were captured using a Quemesa CCD camera (Olympus).
From immunoelectron micrographs, 16 PCs from 6 KO mice and 9 PCs from 5 control mice were randomly taken for detailed analysis. The numbers of random cytoplasmic areas from PCs were used in analysis were 55 and 70 from control and KO mice, respectively. The gold dots on mitochondria per square micrometer of cytoplasm and the mitochondria per 5 m 2 were counted. The presented values are means Ϯ SD. The graphs were plotted using GraphPad Prism version 5.00.
Mitochondrial respiratory complex and aconitase activity assays
Mitochondrial respiratory complex activity stainings were done by modification of a previous protocol (Jung et al., 2002) . Snap-frozen cerebella were collected from 6-month-old male/female Mecr-KO and control mice and cut into 10 m sections with a cryostat. For complex I activity staining (9 KO and 5 control mice), sections were incubated in a solution containing 100 mM Tris-HCl, pH 7.4, 0.14 mM NADH, 1.0 mg/ml Nitroblue tetrazolium (NBT), 2 g/l antimycin A, and 84 mM malonate at 37°C for ϳ30 min. The incubation mixture for complex II activity (6 KO mice and 4 control mice) contained 84 mM succinate, 0.2 mM phenazine methosulfate, 1.5 mg/ml NBT, 4.5 mM EDTA, 60 M rotenone, and 2 g/l antimycin A in 50 mM potassium phosphate buffer, pH 7.4. For complex IV staining, sections (9 KO mice and 5 control) were incubated in a mixture containing 50 mM potassium phosphate, pH 7.4, 1.0 mg/ml 3, 3-diaminobenzidine (DAB), 24 units/ml catalase, 1 mg/ml cytochrome c, 100 mM sucrose, and 2 g/l antimycin A. For both of these activity stainings, incubations were performed at 37°C for ϳ50 min. The negative staining control solution for complex I, complex II, and complex IV contained 60 M rotenone, 84 mM malonate, and 2 mM potassium cyanide, respectively, in the incubation mixture. After staining, slides were washed with 50 mM potassium phosphate buffer, pH 7.4, four times followed by dehydration in ascending grades of alcohol and mounted with Pertex (Histolab). The histochemical assay for aconitase activity was performed with 10-m-thick cryosections of cerebellum from 6-month-old mice (6 KO and 4 control mice). The sections were thawed at room temperature for 10 min, followed by incubation with aconitase activity incubation mixture for 90 min at 37°C. The incubation mixture contained 200 mM cis-aconitate (Sigma-Aldrich), 5 mM MnCl 2 , 1.3 mM NADP, 2 mg/ml NBT, 100 mM Tris-HCl, pH 7.4, and 25% polyvinyl alcohol (30% polyvinyl alcohol, Molecular Dimensions). After staining, sections were washed 3 times with 50 mM potassium phosphate buffer, pH 7.4, followed by mounting with Immu-Mount (Thermo Fisher Scientific). PCs were identified by their location (lining the medulla) in conjunction with the characteristic oval shape.
Primary cerebellar neuron culture
Cerebellar neurons were cultured with slight modification of previously described protocols Tabata et al., 2000; Kageyama et al., 2012) . Cerebella from embryonic day 18.5 embryos were dissected and digested with trypsin at 37°C for 3 min. The digested cerebella were washed twice with Hank's balanced salt solution containing 20 g/ml gentamycin. After washing, cerebella were dissociated by pipetting up and down 8 -10 times with 5 ml pipette first and then twice with 1 ml tip in seeding medium (100 M putrescine, 30 nM sodium selenite, 10 g/ml gentamycin in DME/F12) supplemented with 10% FBS, 12 mM MgSO 4 and 10 U/ml DNase. The dissociated cells were pelleted (300 ϫ g for 2 min at room temperature), the supernatant was discarded, and the cells were resuspended into 200 l of preliminary culture medium (seeding medium supplemented with 10% FBS) per each embryo. Each cell suspension was seeded onto poly-D-lysine-coated coverslip (Sigma Aldrich, overnight coating with 5 mg/100 ml in sterile H 2 O) in the 6-well plate (Costar, Corning) and incubated for 3 h at 37°C. After this initial incubation step, 2.3 ml of culture medium (seeding medium supplemented with 200 g/ml transferrin, 40 nM progesterone, 20 g/ml insulin, 0.5 ng/ml triiodothyronine, 100 g/ml BSA) was added. The day of plating is considered as day 0. On day 4, lentiviral transfection was performed (see below). On day 6, the culture medium was removed and replaced by 1 ml of conditioned culture medium and 1 ml of fresh culture medium supplemented with 4 M cytosine arabinoside. Half of the culture medium was replaced on every fourth day with fresh culture medium supplemented with 4 M cytosine arabinoside. Cells were grown for another 25 d after viral transfection and then processed for IF analysis.
Production of recombinant lentiviruses
The virus preparation was performed as described previously (Cattavarayane et al., 2015) . Briefly, HEK293T cells were transiently cotransfected with pVSV-G (vesicular stomatitis virus pseudotype) envelope plasmid, pPax2 (Gag:Pol:Tat:Rev), and the lentiviral transfer constructs. Two different lentiviral transfer vectors were used. The GFP-Cre vector, expressing both GFP and Cre was a gift from Tyler Jacks (Addgene plasmid #20781). Cre-expressing cells can thus be readily identified by GFP fluorescence, which also indicates transfection/transduction efficiency. As a control, we used a lentiviral vector that expresses only GFP. The medium was replaced 24 h after transfection. The next day, the superna-tant containing viral particles was collected, centrifuged at 2500 ϫ g, for 50 s and filtered. Supernatant was harvested up to five times (or until large proportion of the packaging cells had detached) at 24 h intervals. Cleared viral supernatants were frozen and stored at Ϫ80°C until use.
IF assay of cultured cerebellar neurons
For the immunofluorescense analysis, cells were incubated with 50 nM MitoTracker Red CMXRos (Invitrogen) at 37°C for 25 min and washed twice with medium prewarmed to 37°C. Then the cells were fixed with 4% paraformaldehyde in sodium phosphate buffer at room temperature for 15 min and washed with PBS twice. The cells were then blocked in buffer containing 1% BSA and 0.1% saponin in PBS followed by primary monoclonal Tubulin III antibody (1:400, Sigma-Aldrich catalog #T8660, RRID:AB_477590) incubation at room temperature for 1 h. The sample was washed three times, followed by incubation with anti-mouse Alexa Fluor 405 (1:500, Thermo Scientific) fluorescent antibody at room temperature for 1 h. Samples were imaged using Zeiss LSM 700 confocal microscope, Zen Software (Zeiss) with 63ϫ or 40ϫ Apo oil-immersion objectives and appropriate filters.
Statistics
All behavioral data were analyzed with SPSS 21 (IBM Analytics) using ANOVA for repeated measures (RM-ANOVA) with age as the withinsubject and genotype as the between-subjects factors. Because of the different body size, males and females were analyzed separately. For statistical analysis of immunoelectron microscopy data, the number of dots per square micrometer per mouse and the number of mitochondria per 5 m 2 per mouse in control and KO group were analyzed using a twotailed t test using GraphPad Prism version 5.00.
Results
Generation of PC-specific Mecr KO mice
Mutations in MECR in human patients lead to neurodegenerative disease (Heimer et al., 2016) . To obtain information on the distribution of MECR in the mammalian brain, we examined histological sections of mouse brain for the presence of MECR using IHC analyses. Our results indicated a strong expression of MECR in PCs of control mice (Fig. 1A, left ). Because high levels of MECR in this neuronal cell type are likely to indicate a dependence of PCs on MECR and mtFAS function, we decided to specifically knock out the Mecr gene in these cells in anticipation of a neurodegeneration phenotype that would allow us to study the process of neuronal disintegration as a result of mtFAS dysfunction in more detail.
The breeding of floxed Mecr mice with mice expressing Cre recombinase under the Pcp2 promoter generated PC Mecr KO mice at a Mendelian ratio. Based on genotyping and IHC for MECR, the mice homozygous for the lox P site and the Pcp2-Cre cassette were identified as PC-specific Mecr KO mice deleted for exon 2 of Mecr. The mice homozygous for floxed Mecr and negative for the Cre transgene were maintained as control mice.
The Cre expression was driven by the PC-specific promoter of the Pcp2 gene, for which Cre expression has been reported to occur at postnatal day 6 (P6)-P15 . The effect of removal of exon 2 of Mecr in PC was monitored by IHC staining for MECR in PCs. In DAB-stained specimen from mice at the age of 6 months, the MECR protein level appeared clearly reduced in PCs of the KO animals ( Fig. 1A) . Octanoic acid synthesized by mtFAS is used as a substrate for sulfuration in endogenous synthesis of LA . To investigate the metabolic consequences of mtFAS inactivation in PCs, we used IHC analysis on protein lipoylation using anti-LA antibody in these cerebellar sections of 6-month-old mice. The brown staining of PCs in KO mice indicative of lipoylated proteins was found reduced or lost (Fig. 1B) , indicating deficiency in cellular LA in these cells. Increase of lipoylation-specific signal in the medulla was observed in some KO animal samples ( Fig. 1) , but not reproducibly so.
Widespread PC loss in aging KO mice
The histological evaluation of the cerebella from 3-month-old mice showed that organization of oval shaped PCs arranged as into a single cellular layer between molecular and granular layers of cerebellum were similar in both control and KO mice ( Fig. 2A, left) . However, at the age of 6 months, the PC number had declined in KO mice and this reduced cell number resulted in discontinuity in the PC layer (Figs. 1, 2A, center left). Some of remaining PCs displayed homogenous pink cytoplasm that had lost basophilic nuclear staining. At the age of 9 months and on, the PC layer was undetectable in the mutant mice ( Fig. 2A , center right and right).
To assess whether the loss of MECR in PCs would affect the lifespan of KO mice, two Mecr-KO mice were retained. Both mice were viable at least up to 24 months of age. In 24-month-old KO mice, the histological samples of cerebella of KO mice displayed thinner molecular and granular layers and loss of granular neurons accompanying the PC loss ( Fig. 2B ). Visual inspection of whole brains of these mice revealed cerebellar atrophy in the mutants compared with WT controls (Fig. 2C) . To evaluate the extent of PC loss across ages, we stained a series of cerebellar sections of 3-to 11-month-old mice for calbindin. A normal density of PCs was found at the age of 3 months, but their density was visibly decreased at 6 months and no calbindin-positive cells were found in the stained cerebellar sections of KO mice from 9 months on ( Fig. 2D ). Quantitation of PC loss confirmed that the PC count had decreased by ϳ50% in the mutant mice compared with WT, was barely detectable by 9 months, and had completely vanished by 11 months of age ( Fig. 2E ). We were unable to detect any lobe-specific pattern of PC loss in the KO animals.
To make a distinction between age-dependent decline of protein expression of MECR and LA versus loss of PCs, we used IF approach on tissues from control and Mecr KO mice at several age points. As in the IHC images (Figs. 1, 2), double fluorescent staining using antibodies against MECR and the specific marker for cerebellar PCs (Girard et al., 2012) , calbindin, revealed an intact PC lining in the cerebella of 3-month-old control mice, whereas a gapped patterning already emerged at this age in the Mecr KO samples in these experiments ( Fig. 3 ). This feature was strongly exacerbated in PCs of brains of 6-monthold mice carrying the PC-specific Mecr KO allele compared with samples of agematched control mice, where also an overall lower MECR-associated fluorescence appeared to emerge. We did not find a single instance in which a calbindin positive oval PC was not also positive for MECR fluorescence. These results are consistent with a mtFAS defect in PCs of the KO animals.
The loss of MECR-specific fluorescence appeared to be mirrored by a matching defect in lipoylation in PCs in equivalent histological samples (Fig. 4) . As in the DAB stained sections, samples from mice of 6 months of age on displayed visibly reduced levels of MECR/LAspecific fluorescent signal. Because the visual inspection of the overall appearance of the images containing IHC and IF data indicated to us that there may be a reduction of MECR protein or LA detectable in the remaining PCs of 6-month-old KO mice, we set out to quantitate these differences in fluorescence intensities. However, we were unable to solidly confirm such a reduction (Table 2) . Our naive evaluators found no difference at all in fluorescence intensity for the MECRspecific fluorescence. There was a trend toward reduction of fluorescence intensity of the lipoylation signal in the KO PCs, but the difference from fluorescence in the control mice did not reach statistical significance.
Progressive motor impairment in PC-specific Mecr KO mice
As illustrated in Figure 5, A and B , the body weight of control mice continued to increase throughout the follow-up period from 2 to 9 months. In contrast, KO mice started to deviate from controls at 4 months of age, showing essentially no further gain in body weight. The age ϫ genotype interaction was significant in both sexes (males: F (3,12) ϭ 8.2, p ϭ 0.003, females: F (3,12) ϭ 14.6, p Ͻ 0.001).
Spontaneous exploratory activity in the test cage gradually decreased with repetition and age. In addition, the development in exploratory activity differed between the genotypes. The RM-ANOVA showed a significant age ϫ genotype interaction in both sexes (males: F (3,12) ϭ 5.3, p ϭ 0.015, females: F (3,12) ϭ 11.4, p ϭ 0.001), so the gross horizontal distance traversed during the 10 min test time declined faster in KO mice than in control after 4 months of age (Fig. 5C,D) . A similar trend was observed in the time the mice spend rearing (Fig. 5 E, F ) . After 4 months of age, the time spend rearing declined faster in KO mice than in their controls (age ϫ genotype interaction; males: F (3,12) ϭ 7.3, p ϭ 0.005, females: F (3,12) ϭ 10.1, p ϭ 0.001). These findings indicate increasing difficulties in locomotion and rearing in KO mice with age.
To assess changes in motor coordination and balance across age, we used the classic rotarod test. Among females, the KO mice performed equally well as control mice up to an age of 4 months, but then showed a marked decline at 7 and 9 months of age (age ϫ genotype interaction; F (3,12) ϭ 5.1, p ϭ 0.017). A trend for a similar development could be seen in males, but the age ϫ genotype interaction did not reach statistical significance (F (3,12) ϭ 3.4, p ϭ 0.054). Nevertheless, at 9 months of age, both female and male KO mice were severely impaired compared with controls ( Fig. 6A,B) . This finding suggests that female KO mice in particular start having problems with coordination and balance after the age of 4 months.
Automated gait analysis (CatWalk) revealed a progressive deterioration in KO mice. The stride length of the front paws tended to increase in KO mice from 2 to 4 months of age, but then shortened, whereas in control mice, no net changes across ages were recorded (age ϫ genotype interaction; males: F (3,12) ϭ 3.3, p ϭ 0.062, females: F (3, 9) ϭ 7.2, p ϭ 0.009; Fig. 6C,D) . The same trend could be seen in the stride length of the hindpaws (age ϫ genotype interaction; males: F (3,12) ϭ 6.2, p ϭ 0.010, females: F (3,9) ϭ 6.2, p ϭ 0.014; Fig.  6 E, F ) . In parallel with the initial increase in stride length between 2 and 4 months of age, the swing speed of the front paws tended to increase in KO mice of both sexes, followed by a steep decline after 4 months of age (age ϫ genotype interaction; males: F (3,12) ϭ 6.8, p ϭ 0.007, females: F (3, 9) ϭ 3.7, p ϭ 0.054; Fig. 7 A, B) . The hindpaws showed a different pattern. In control mice, the swing speed of the hind limbs accelerated with age, whereas a steep decrease was observed in KO mice after 4 months of age. This resulted in highly significant age ϫ genotype interaction in both sexes (males: F (3,12) ϭ 11.4, p ϭ 0.001, females: F (3,9) ϭ 6.3, p ϭ 0.013; Fig. 7C,D) . These findings are indicative of general motor slowing in KO mice with age. The base of support of the front paws tended to broaden with age in all mice. However, the increase was much steeper in KO than control mice from 4 months on (age ϫ genotype interaction; males: F (3,12) ϭ 4.6, p ϭ 0.025, females: F (3, 9) ϭ 5.2, p ϭ 0.023; Fig. 7 E, F ) . A similar genotype ϫ age interaction in the widening of the base of support was seen for the hind limbs (males: F (3,12) ϭ 4.1, p ϭ 0.035, females: F (3,9) ϭ 6.2, p ϭ 0.018; Fig. 7G,H ) . The change in the base of support in control mice likely derived from increased body mass with age: the mouse needs a broader base to support its increasing mass. This trend was more apparent in KO mice even though they did not gain any weight after 4 months of age.
Our data indicate that onset of neurodegeneration must occur between 4 months, when weight and most behavioral parameters of the mutant mice are still within the range of WT mouse levels, and 6 months, when clear loss of PCs can be observed in the histological samples.
In aging KO mice, the ataxic condition progressively worsened and the animals had difficulties to eat from the food trough of the cage top but did well when given food on the cage floor.
No evidence of systemic change in glucose uptake in FDG-PET
The progressive weight loss raised the question of whether targeting Mecr specifically in cerebellar PCs using Pcp2 promoter driven Cre expression would have resulted in off-target suppression of mitochondrial function in other tissues. The suppressed mitochondrial function can result in an alteration of the basal metabolic rate in these tissues. To investigate the possibility of a general change of energy metabolism in these animals, we monitored the basal metabolism applying FDG-PET method by mon- itoring FDG uptake in heart, brain (excluding cerebellum), cerebellum and brown adipose tissue in the upper back and neck ( Fig. 8A-D) . The glucose uptake in these tissues was overlapping between KO and control mice except in cerebellum, which displayed a trend toward increased glucose uptake. This trend is compatible with increased glycolysis in PCs to compensate for impaired oxidative phosphorylation in their mitochondria. An alternative explanation for the higher level of glucose consumption may be an increase in glucose consumption as a result of astrogliosis following neuronal damage (see below). Nonetheless, the FDG-PET study found no support for the idea that the weight loss in KO mice would have resulted from a systemic change in basal metabolism in KO mice.
To rule out the possibility that the lack of weight gain is due to difficulty in eating laboratory chow, we also analyzed development of chewing pattern (Li et al., 2005) in the mice with close video monitoring. We found no evidence for impaired chewing up to 9 months of age (data not shown). Considering the unchanged basal metabolism and chewing pattern up to 9 months of age in conjunction with the parallel weight loss and bxsignificant ataxia from 7 months on, expenditure of extra energy required for ataxic movements remains the most plausible explanation for the progressive weight loss.
Astrocytosis and microgliosis in cerebella of PC-specific Mecr KO mice
The observed PC loss is congruent with the detected loss of MECR and lipoylated proteins ( Fig. 1 A, B) . Based on these observations, the age of 6 months presents an intermediate state in PC disappearance. Subsequently, this time point was chosen for further investigation of the consequences of loss of MECR function in PCs.
Neuronal damage is often accompanied by astrocytosis and activation of microglia (Almajan et al., 2012) . Therefore, we stained cerebellar sections for astrocytosis using glial fibrillary acidic protein (GFAP) as a marker (Sörensen et al., 2001) and for microgliosis using Iba-1 as a marker (Almajan et al., 2012) . Immunostaining for GFAP displayed enhanced brown staining in the cerebellar cortex from 6 months on in the KO mice, whereas no change was found in control mice (Fig. 9A) , indicating that the PC loss was accompanied by astrocytosis in the cerebellar cortex. In addition, intensive staining of cells with anti-Iba-1 antibody (Fig. 9B) indicates activation of microglial cells in KO mice starting from 3 months of age on, continuing through the entire course of analysis (Fig. 9B) . Dying neurons show Wallerian degeneration of their axons at an early stage of the process and degenerating axons often induce microglial responses. There-fore, we also performed Iba-1 staining for the first-order projection zone of PCs, the deep cerebellar nuclei, and their second-order projections in the spinal cord, ventrolateral thalamus, and motor cortex. Microgliosis was apparent in deep cerebellar nuclei of KO mice from 6 months of age on (Fig. 9C) . These observations were validated in our quantita- Anti-MECR and anti-LA panels are from hybridizations of consecutive sections, so the images do not co-register perfectly. Antisera with reasonable specificity against either target were only available from the same species source animal, thus not allowing for dual staining of the identical material. A Hoechst 33342 stain was used to label cellular nuclei. A dataset including these images was used for our quantitation of MECR and lipoylation intensities shown in Table 2 . Scale bar, 40 m. tive analysis ( Fig. 9 D, E) . We were unable to detect microgliosis in the second-order projection zones. Together, the occurrence of astrocytosis in combination with activation of microglia in Mecr-KO mice indicates ongoing neu-roinflammation accompanying mtFAS inactivation in PCs. This observation argues against apoptosis as the mechanism driving PC cell loss. To test the role of apoptosis in PC loss more directly, we stained cerebellar sections for the cleaved caspase-3, an estab- (males, A; females, B) . C, D, Changes in spontaneous explorative activity across ages. Ambulatory distance (gross horizontal locomotion) during 10 min in males (C) and in females (D). E, F, Rearing time in males (E) and in females (F ). Values are expressed as mean Ϯ SEM. *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001 (RM-ANOVA followed by LSD post hoc test).
lished marker for apoptosis (Salvesen, 2002; Ghavami et al., 2009 ). The staining intensity in PCs was weak and we were unable to establish any clear difference in caspase-3 staining between samples form control mice and KO mice at 6 months of age (Fig.   10A , arrows point to PCs). In addition, a preliminary analysis using Luxol blue staining demonstrated that myelin was visualized with the same staining intensity in white matter of cerebellum in both control and KO mice at 11 months of age (Fig. 10B ). A;females,B).C,D,Gaitanalysisduringthefollow-upfrom2to9monthsofage.Stridelengthofforepawsinmales(C)andfemales(D).E,F,Gaitanalysisforstridelengthofhindpaws(males,E;females,F) .Each analysis was done with six males and six females of different age group and genotype. Values are expressed as mean SEM. *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001 (RM-ANOVA followed by LSD post hoc test). 
Figure6. Rotarodtestandgaitanalysisformotorcoordinationandbalance.A,B,Rotarodtestdata.They-axisvaluesindicatethetimethemicewereabletostayontherotatingroduptoa6mincutoff(males,
Ultrastructural pathology and mitochondrial DNA content of Mecr-KO PCs
The transmission electron microscopy visualized multiple changes in subcellular compartments in PCs (Fig. 11A, Table 3 ) of 6-month-old KO mice compared with control animals. In KO mouse PCs, mitochondria displayed aberrant or absent cristae and the mitochondrial matrix showed electron-lucent foci. In some KO mice, the rough endoplasmic reticulum was dilated, and Golgi organization was disrupted (Fig. 11A, Table 3 ). Some of the PCs in KO animals had lost electrodense properties and appeared pale even though in the same view the neighboring cells appeared to retain these properties (for example, see Fig. 11B ). This argues for the heterogeneity of PC population in the KO mice and support the idea that that the pale appearance is not due to staining.
Previous studies in yeast indicated that yeast strains defective in mtFAS are prone to a higher frequency of mitochondrial DNA loss (Kursu et al., 2013) , which is especially pronounced in acyl carrier protein (ACP1; Brody et al., 1997) and phosphopantetheine transferase (PPT2; Stuible et al., 1998) deletion mutants. To investigate possible mitochondrial DNA depletion in the PCs of KO mice, we used two approaches, both based on the use of anti-SSBP1 (mitochondrial single-stranded binding protein) antibody (Müller-Höcker et al., 2001) . First, IHC evaluation of PCs in cerebella with the antibody showed more intense staining in control mice compared with KO mice PCs (Fig. 11C,D , respectively). We considered that this observation might be either due to depletion of mitochondrial DNA or only a reflection of a re-duced number of mitochondria in PCs of KO mice. To further analyze these possibilities, we used immunogold labeling electron microscopy to detect and count the number of dots on mitochondria bound with anti-SSBP1 antibody as well as mitochondria present per 5 m 2 of cytoplasmic area in PCs of 6-month-old mice. The number of dots/ PC/m 2 mitochondria in KO mice did not differ from controls (1.26 Ϯ 0.33 dots/m 2 mitochondria/mouse in controls compared with 1.02 dots/m 2 mitochondria/mouse in KOs; p ϭ 0.68). However, when we assessed the number of mitochondria in PCs, we found that there were fewer mitochondria in PCs in KO mice (5.36 Ϯ 0.37, n ϭ 6, number of mitochondria/5 m 2 cytosol, mean Ϯ SEM) compared with control mice (7.84 Ϯ 1.02, n ϭ 5; p ϭ 0.02). This result is consistent with the observed overall lighter brown immunostaining with anti-SSBP1 antibody in PCs of KO mice. These data are evidence for an overall loss of mtDNA in the cell as a result of a decreased number of mitochondria in mutant PCs. However, we have to point out that abundance of SSBP1 may not necessarily always be proportional to mtDNA copy number because the protein is only associated with replicating mtDNA.
Mitochondrial enzyme activities
Cerebellar cryosections were used to evaluate the activities of respiratory complex I (NADH dehydrogenase), complex II (SDH), and complex IV (COX) in PCs of 6-month-old mice. The histochemical staining for complex I using NBT as an electron acceptor showed no development of blue color on PCs, indicating that complex I had lost its capability to transfer electron from Figure 8 . FDG-PET analysis for evaluating glucose uptake in 6-month-old mice. The results of basal metabolic activities in heart (A), brain (B) (excluding cerebellum), cerebellum (C), and brown adipose tissue (D) measured as glucose uptake ( y-axis) was found to be overlapping between KO mice and control mice, respectively. In cerebellum of KO mice, there was a trend toward increased glucose uptake. x-axis is the genotype; y-axis is the time-activity normalized to percentage of injected dose per cubic cm (%ID/cc). NADH to an electron acceptor in these neurons in KO animals (Fig. 12A) . Similarly, the incubation to visualize complex II activity also failed to give blue color to most of the PCs in the KO mice (Fig. 12B) . However, when cytochrome c was used an electron donor and DAB as electron acceptor, the development of brown color, indicating COX activity, displayed a mosaic pattern in the same cerebellar tissue sections from KO mice (Fig. 12C) . We have earlier demonstrated in yeast cells that cytochrome oxidase subunit I (COX I), which is mitochondrially encoded both in yeast and mammals, was lost in upon mtFAS inactivation (Kursu et al., 2013) . Therefore, the presence of this subunit was also investigated in PCs of this study. However, consistent with the COX activity stain, no loss of COX I subunit was observed in PCs of KO mice at the age of 6 months (Fig. 12D) .
A recent study demonstrated that Fe-S cluster biosynthesis is linked to mtFAS via acyl-ACP in S. cerevisiae (Van Vranken et al., 2016) . Therefore, we decided to address this aspect by testing aconitase activity as a marker the effect of mtFAS inactivation on a Fe-S-containing enzyme (Beilschmidt and Puccio, 2014) . Using a histochemical assay, we were able to detect aconitase activity in all the existing PCs in both KO (blue colored cells) and control mice (Fig. 13 ). Using this approach, we were unable to find any evidence for a negative effect of Mecr inactivation on aconitase function in the PCs of KO mice.
Assessment of oxidative damage in Mecr-KO PCs
Mitochondrial respiratory complex dysfunction is commonly accompanied by enhanced generation of reactive oxygen species (ROS) resulting in elevated oxidative stress. To assess production of ROS and, ultimately, ROS-induced damage in mice at 6 months of age, we used IHC with two different antibodies recognizing commonly used oxidative damage markers, 8-isoprostane (Konzack et al., 2015) and nitrotyrosine (Sörensen et al., 2001) .
However, unlike in liver samples, which were used as positive controls for the assay (data not shown), there was no brown color development in PCs of KO mice ( Fig. 14 A, B) , showing that these oxidative stress markers were absent in KO mice. Therefore, we find no evidence for oxidative damage as a major driver in the degeneration of PCs of KO mice.
Fragmented mitochondria in primary neurons
Mitochondrial dysfunction is known to often be accompanied by a change in mitochondrial morphology (Almajan et al., 2012; Girard et al., 2012) . Because our current mouse model does not allow analysis for arrangement of mitochondria in neurons with the tools that are available to us, we turned to primary neuron culture to investigate the effects of mtFAS inactivation in nerve cells on mitochondrial morphology. The Mecr-KO was achieved by lentiviral introduction of Cre and GFP (for assessing transfection efficiency) into neurons carrying the floxed Mecr allele. The neuronal cells derived from embryonic cerebellum of floxed Mecr embryos and transfected with lentivirus carrying GFP for estimation of transfection efficiency were taken as control cells. The control and KO cells were processed for IF microscopy 25 d after lentiviral transfection and imaged.
Inspection of control cells stained with MitoTracker red by confocal microscope showed that the mitochondria were organized mainly in a tubular pattern (Fig. 15A ). However, KO cells had lost the tubular mitochondrial architecture and mitochondria appeared as separate red dots, indicating fragmentation of the mitochondrial network (Fig. 15B) . We have reported similar changes to mitochondrial morphology in cultured mouse cells exposed to RNAi-mediated knock-down of Mecr expression or a mitochondrial Acc1 variant involved in mtFAS . Figure 10 . Histochemical analysis of cerebellar cortex of control and KO mice for evidence of apoptosis. A, Staining for cleaved caspase-3 antibody showed similar immunopositivity in PCs from control and KO mice at 6 months of age, suggesting that the cell death does not take place via apoptosis. B, No changes in myelination between control and KO mice as assessed with Luxol fast blue staining in cerebellar white matter at 11 months of age.
Discussion
mtFAS is essential for the function of mammalian cells (Hiltunen et al., 2010 and mouse embryonic development (Nair et al., 2017) . The significance of this pathway is exemplified by a recent report on a neurodegenerative disease called MEPAN resulting from mutations in MECR (Heimer et al., 2016) . The most conspicuous morphological change in the CNS of MEPAN patients are lesions in the basal ganglia. At least one copy of MECR in these individuals apparently encodes a partially functional MECR enzyme variant.
Our IHC evidence indicated that MECR protein is abundant in cerebellar PCs (Fig. 1A) . To elucidate mtFAS functions in neu-rons, we generated a PC-specific conditional Mecr-KO mouse. Analysis of PCs of KO mice revealed reduction of MECR protein at 6 months of age. Because the Pcp2 promotor-driven Cre recombinase expression is active during the early postnatal period between P6 and P15 (Zhang et al., 2004) , there is an apparent delay between Cre expression and the observed loss of MECR. Our data suggest that MECR is a very stable protein in mitochondria of postmitotic neuronal cells, leading to prolonged abundance of MECR even after inactivation of the Mecr gene, with a delayed onset of neurodegeneration as a consequence.
The decline in number of PCs in hematoxylin-and calbindinimmunostained sections of cerebellum was clearly detectable at 6 months of age in KO mice, with progression to complete disappearance by 9 months of age. The absence of hematoxylin-stained nuclei in the PC layer of 6-to 11-month-old KO mice confirmed that lack of calbindin immunolabeling was not due to diminished calbindin expression, but due to loss of PCs. Consistent with this observation, our visual assessment indicated that LA abundance at 6 months of age also varied in our IHC analyses, although we were unable to confirm a clear difference in MECR and LA fluorescence intensities between control and KO mice in our IF data. We propose that cell death may be rather rapid after falling below a certain threshold amount of MECR in PCs, impeding detection of differences. mtFAS is intimately connected to mitochondrial respiration through multiple functions that extend beyond the role in lipoylation of E2 subunits of ␣-ketoacid dehydrogenases. For instance, respiration was reduced in mitochondria isolated from muscle tissue of mice in which the KO of mitochondrial malonyl-CoA transferase was induced (Smith et al., 2012) . Furthermore, analysis of embryo homogenate from our fabI knock-in Mecr-KO model also displayed reduction in mitochondrial respiration (Nair et al., 2017) and acylated ACPs have been reported to serve as structural subunits of respiratory complex I (NADH dehydro- genase) (Zhu et al., 2015) . Congruently, both complex I and succinate dehydrogenase (complex II) activities were decreased in Mecr-KO PCs. Loss of the acyl group on ACP associated with a loss of function serves as a possible explanation for the decrease in the complex activities that we observed in MECR-deficient PCs. However, the reduction in COX activity was mosaic in PCs from KO mice aged 6 months. Although we have been unable to estab-lish a clear quantitative difference in MECR or lipoylation levels in PCs in KO cells that were still present at the age of 6 months compared with control mouse PCs, it is reasonable to speculate that the other respiratory chain activities may be more sensitive to a reduction of MECR protein than COX.
A recent study connects mtFAS to mitochondrial Fe-S cluster biogenesis via acyl-ACP (Van Vranken et al., 2016). A common feature of most of Fe-S cluster biogenesis defects is deficiencies in complex I, II, and III activities, which are frequently accompanied by reduction of the activity of aconitase, an Fe-S cluster-dependent Krebs cycle enzyme (Beilchmidt and Puccio, 2014) . We were unable to confirm a general dysfunction of Fe-S cluster biogenesis in the Mecr KO PCs. Rather, the deficiency pattern in PCs of the Mecr-KO mice resemble findings in multiple mitochondrial dysfunction syndrome 1 (MMDS1) patients. MMDS 1 is caused by mutations in the LA synthase Fe-S cluster recycling factor NFU1 (McCarthy and Booker, 2017) . Like in the PCs of our mutant mice, a decrease of respiratory chain complexes I-III in MMDS1 patient fibroblasts was reported, whereas aconitase activity was unaffected (Maio and Rouault, 2015) .
The fragmented appearance of mitochondria in Mecr KO primary neurons is consistent with mitochondrial dysfunction before cell death (Cheung et al., 2007; Kim et al., 2007; Tatsuta and Langer, 2008; Westermann, 2010) . However, our results were not supportive of a driving role of mitochondrial DNA loss in the loss of mitochondrial function in these cells. We were also unable to detect an indication of ongoing apoptosis in the PCs of these animals as a cause for cell death. It is noteworthy here that a number of previous studies describing neurodegeneration in mouse models could not conclude whether the cell death followed the apoptotic or the necrotic pathway (Sörensen et al., 2001; Quintana et al., 2010) .
ROS generation occurs at 11 distinct mitochondrial sites and is frequently enhanced by respiratory chain defects (Wong et al., 2017) . ROS are known to mediate neuronal cell death (Valencia and Morán, 2004; Niizuma et al., 2009) . Our IHC analysis of the presence of two different oxidative stress markers, 8-isoprostane and nitrotyrosine, did not yield in any evidence for oxidative changes in cerebellar PCs in our mice. Previously, neuronal death without oxidative stress has been described in other mouse models of mitochondrial dysfunction (Sörensen et al., 2001) or mouse neuronal cultures (Kruse et al., 2008) . Similar results were reported for cultured mouse fibroblasts (Kruse et al., 2008) or patient fibroblasts (Iuso et al., 2006) . However, we cannot rule out that oxidative damage had occurred earlier during the course of PC deterioration, followed by rapid cell death, precluding detection of oxidative damage in the samples available to us, or that such an insult may occur later on in neurons lacking MECR.
Because PCs are the primary neurons responsible for coordination and fine tuning of movements, it is expected that loss or degeneration of PCs would results in ataxia (Girard et al., 2012; Meera et al., 2016) , which is also true in mouse models (Sawada et al., 2009; Kageyama et al., 2012; Long et al., 2014; Lucas et al., 2014) . In 9-and 11-month-old KO mice, PCs were increasingly scarce, consistent with the progressively impaired mobility and loss of balance. Interestingly, except for differences in body weight gain in both sexes and rearing time in males, controls and PC-specific Mecr KO mice were indistinguishable until 7 months of age, when the KO mice started to deviate progressively from the control mice in deterioration of motor coordination and balance. These observations are in agreement with the mitochondrial dysfunction and loss of continuity of PCs that we detected in 6-month-old KO mice. Vastly disparate ages for onset of motor coordination problems in different mouse models using this same Cre driver construct have been reported previously. For example, Sct KO mice develop symptoms at 2 months of age , whereas in Pdss2 KO mice, the defect resulting from inactivation of the trans-prenyl diphosphate in ubiquinone synthase becomes apparent from the age of 9.5 months (Lu et al., 2012) . Apart from the latter case, only one other study, concerning a Tfam KO from corticohippocampal region using a CaMKII Cre driver construct (Sörensen et al., 2001 ) reported a similar delayed phenotype for a Cre-mediated conditional KO in postmitotic neurons as we recorded for our Mecr KO in PCs. Our observation of two Mecr-KO mice with ataxia at least until 2 years of age indicates that PC loss is not fatal, despite marked cerebellar atrophy in these animals. In contrast, mortality has been previously reported for ataxic mouse models (Sawada et al., 2009; Kageyama et al., 2012; Long et al., 2014) . The discrepancy between our study and previous reports on the viability of ataxia mouse models involving PC loss may be a reflection of an associated loss of vital function of other neurons leading to death of these mice.
In conclusion, we have generated an in situ mouse model to study the physiological role of mtFAS in postmitotic neurons. We show that loss of MECR leads to deficiency in mitochondrial respiratory activity and changes in mitochondrial structure. The changes in mitochondrial functions resulted in loss of PCs that contributed to ataxia and behavior changes. Our study provides a new model for cerebellar ataxia due to mitochondrial dysfunction and identifies the mtFAS pathway a plausible contributor of autosomal-recessive ataxia disorders in humans. Although our PC-specific KO mouse model cannot accurately recapitulate the MEPAN patient systemic mtFAS defect with residual MECR activity, the unique morphology and distribution of PCs and the reproducible onset and progression of ataxia in these mice provide a convenient and easy to follow phenotype. These mice may therefore serve as an mtFAS defect neurodegeneration model and provide a testbed for the cellular and behavioral study of the effects of treatment using metabolites counteracting the neurodegeneration phenotype. To determine transfection efficiency, both control and KO cell lines were expressing GFP. However, the GFP signal was very strong and consequently the images were processed with only red and blue channels. In each set of four images, clockwise from the top left image: anti-tubulin III stain (blue), cellular autofluorescence (pink/gray), all channels merged, and MitoTracker red only (red). Scale bar, 5 m.
